Procedures are described for measurement of association constants between potentially com plementary purine and pyrimidine bases by hydrogen bonding in non-aqueous medium by means of absorption and emission spectroscopy. The methods require that one of the two constituents be fluorescent and exhibit a long wavelength absorption band not, or only partially, overlapped by the second constituent. The foregoing has been applied to measurements of the association constants, and other parameters, of hydrogen-bonded complexes of 2-aminopurine with 1-substituted uracil, thymine and barbital in chloroform solution, both in the ground and excited states. It was estab lished that the 1:1 hydrogen-bonded base pairs 2-aminopurine : 1-cyclohexyluracil and 2-amino purine: 1-octylthymine maintain the ground-state equilibrium during the life time of the excited state, whereas for the corresponding pair 2-aminopurine: 1-methylbarbital this equilibrium is per turbed on excitation. The influence of N-alkylation of the 2-aminopurine residue on base-pairing with the pyrimidines has also been examined. The results are compared with those obtained by other methods. The specific advantages of the procedures employed, and their possible applications to studies on the behaviour of fluorescent residues in polynucleotides, are discussed.
Base-pairing of potentially complementary purine and pyrimidine derivatives in non-aqueous media has been extensively investigated by means of infrared1-4 and proton magnetic resonance5,6 spectroscopy. Both of these procedures possess the advantage that it is frequently possible to identify one or more of the positions involved in base pairing.
No attention appears hitherto to have been de voted to the possibility of studying such base pair ing by means of emission spectroscopy, possibly because of the fact that the naturally occurring base residues in nucleic acids normally exhibit only weak fluorescence in fluid media at room temperature. There are, however, a number of base analogues, such as the mutagen 2-aminopurine, which are fluorescent at room temperature, and the absorption bands of which are displaced sufficiently to the red of the absorption bands of the normal bases as to permit of their specific excitation and an examina tion of the resultant luminescence spectra in the presence of a potentially complementary base.
Hence, under conditions where base pairing is known to occur, it should be possible to estimate association constants and relevant thermodynamic parameters from modifications in emission spectra. Such a procedure would possess the advantage that complex formation could be followed at concentra tions 1 to 3 orders of magnitude lower than those normally required for IR and PMR studies. Further more, data on the influence of association by hy drogen bonding on emission properties of fluo rescent bases might assist in the interpretation of the emission properties of the latter when incor porated in polynucleotide chains.
The present communication describes the applica tion of the foregoing procedure to the study of as sociation between 2-aminopurine derivatives and Nj-substituted uracil, thymine and barbital.
Materials and Methods
2-aminopurine was a product of Waldhof (Mann heim, GFR), while 2-amino-9-ethylpurine and 2,6-diamino-9-ethylpurine were obtained from Cyclo Chem. Corp. (Los Angeles, U.S.A.). N2,N2-dimethylaminopurine was prepared according to Kempter et al. 7, 1-cyclohexyluracil according to Kusmierek and Shugar8, 1-methylbarbital according to Abbreviations: 2-AP, 2-aminopurine; 9-ethyl-2-AP, 2-amino-9-ethylpurine; 9-ethyl-2,6-diAP, 2.6-diamino-9-ethylpurine; 7-octyl-2-AP, 2-amino-7-octylpurine; 1-CHU, 1-cyclohexyluracil; 1-OT, 1-octylthymine; 1-MeB. 1-me thylbarbital.
Fischer and Dilthey9, and 1,3-dimethylbarbital by the procedure of Dox 10 .
The preparation of 2-amino-7-octylpurine was based on the treatment of 2-AP with octyl bromide in dimethylformamide. This gave a mixture of the 7-octyl and 9-octyl derivatives, which were separated by thin-layer chromatography.
We are grateful to Dr. J. T. Kusmierek and Mr. R. Jaskulski for preparation of the following com pounds by the general procedure of Baker and Jackson11: 1-octylthymine, m.p. 137 -138 °C; l-octyl-6-methyluracil, m.p. 134 °C; and 3-octyl-6-methyluracil, m.p. 190-192 °C. These three com pounds are isomers and theoretical elementary analysis should give C, 65.51%; H, 9.31%, N, 11.76%. Experiment gave, in the order cited above: C, 65.99%, 65.66%, 65.68%; H, 9.31%, 9.42%, 9.23%; N, 11.76%, 11.75%, 11.35%.
All compounds (except 2-amino-7-octylpurine) were recrystallized and all were checked for chro matographic homogeneity in several solvent systems.
Spectral measurements were carried out in com mercial spectral grade chloroform, which was further distilled over P20 5 to remove traces of water and ethanol (checked by infrared absorption) and collecting the fraction which passed at 61.2 °C. The chloroform was stabilized12 by addition of 0.04% (v/v) pentene-2.
Ultraviolet absorption spectra were run on a Zeiss (Jena, GDR) VSU-2 manual spectrophoto meter and on a Perkin-Elmer Model 450 recording instrument. Difference spectra were obtained with the use of tandem cuvettes, the matching of which was checked. Emission spectra were recorded on an Aminco-Bowman spectrofluorimeter, and were not corrected for photomultiplier sensitivity. For both absorption and emission spectra, the cuvettes were located in thermostated carriages through which circulated an aqueous glycol mixture from a Hoeppler ultrathermostat; temperatures were controlled and measured to an accuracy of ± 0.5 °C. All cuvet tes used were fitted with machined teflon stoppers; as an additional check on posible loss of solvent by evaporation, optical densities were checked prior to and following each experiment.
Fluorescence lifetimes were measured to an ac curacy of ± 0.1 nsec on a phase fluorimeter con structed at the Physics Department of the Mikolaj Kopernik University in Torun. We are indebted to Dr. R. Bauer for making this instrument available to us.
Results

Interactions of 2-AP and 1-CHU and of 2-AP and 1-OT
In chloroform solution the principal long-wavelength absorption maximum of 2-AP, located at 304 nm, is well to the red of those (Fig. 1 a) with accompanying modifications in extinction, which may be followed by difference spectrophotometry over the wavelength range 315 -330 nm. There is also pronounced quenching of the 2-AP emission spectrum, the maximum of which is simultaneously shifted to the red by about 5 nm (Fig. l b ) . The isosbestic point for the ab sorption spectra is at 308 nm, and excitation was at this wavelength for following changes in emission intensity as a function of the added 1-CHU con centration.
Replacement of 1-CHU by comparable concen trations of 1,3-dimethyluracil was without ob servable effect on either the absorption or emission spectrum of 2-AP, thus excluding classical SternYolmer fluorescence quenching under these condi tions.
Addition of 1-OT in place of 1-CHU led to simi lar changes in the absorption and emission spectra of 2-AP. The precise shift in the absorption maxi mum of 2-AP was not determined in this case be cause of overlapping by the 1-OT spectrum, but the isosbestic point was 309 nm as compared to 308 nm for 1-CHU. With a 10_ 3 M concentration of 1-OT, the emission band of 2-AP was red shifted by about 6 nm, and the intensity appreciably reduced as with 1-CHU.
Interactions of N-alkyl derivatives of 2-AP with
1-CHU
Replacement of 2-AP by its N7-or N9-alkyl deri vatives abolished the modifications in absorption spectrum of both of these on addition of 1-CHU at concentrations up to 10_ 3 m, and considerably de creased the change in emission intensity, the maxi mum for which was shifted to the red by only about 2 nm for both derivatives. These results point to a lower degree of interaction as a result of N-alkyla tion. With N2,N2-dimethylpurine there was like wise no change in absorption spectrum on addition of 1-CHU; but fluorescence quenching was more pronounced than with the N7-and N9-alkyl deriva tives, although still less so than with free 2-AP.
The existence of hydrogen-bonded complexes be tween 9-ethyl-2-AP and 1-CHU in the ground state had, in fact, earlier been demonstrated by Kyogoku et a l.1 by means of infrared absorption spectro scopy, the association constant being 45 M -1 . Evidence for similar ground state association be tween 7-octyl-2-AP and 1-CHU is provided by the infrared spectra in Fig. 2 , although the association constant in this case was not calculated. 
Interaction of 2-AP derivatives and 1-MeB
This was readily placed in evidence by the marked changes in absorption and emission spectra of 2-AP on addition of 1-MeB. With a 10~4 concen tration of 2-AP, addition of 10-4 to 10_ 3 m 1-MeB provoked ia red shift of the 2-AP absorption band by about 2 nm, with a small decrease in absorbance (Fig. 3 a) . The emission maximum was also shifted to the red by 6 nm, with a simultaneous marked increase in intensity (Fig. 3 b) . Replacement of 1-MeB by comparable concentrations of 1,3-dimethylbarbital completely abolished the effects on both the absorption and emission spectra of 2-AP, discounting Stern-Volmer quenching under these conditions, and consistent with formation of a hy drogen-bonded complex between 2-AP and 1-MeB.
It is of interest that l-cyclohexyl-5,6-dihydrouracil, with as saturated pyrimidine ring like 1-MeB, also increased the emission intensity of 2-AP. When 1-MeB (1CP4 -1 0~3 m ) was added to a chloroform solution of 9-ethyl-2-AP, there was no detectable modification of either the absorption or emission spectra. This situation was unchanged when 9-ethyl-2-AP was replaced by 9-ethyl-2,6-diAP. Only when the 1-MeB concentration was raised to 1 0~2 -1 0 -1 M did these systems exhibit a small red shift in the absorption bands with a decrease in extinction, and a red shift of the emis sion bands with a small increase in intensity.
Complexing of 2-AP with 3-alkyluracil
Since the natural nucleosides are Nj-glycosides, it is most logical to study base-pair complexing with the corresponding Nr substituted pyrimidines, such as 1-CHU or 1-OT, which can base pair via two or three hydrogen bonds. It appeared of inter est, however, to examine the behaviour of an N3-substituted pyrimidine, which can hydrogen bond to a purine via only two bonds, the C2 = O and N X H. Since 3-methyluracil is insufficiently soluble in chloroform, the available 6-methyl-3-octyluracil was employed. This compound, at a concentration of 1 0 -3 m , was without effect on the absorption spectrum of 2-AP, but did provoke a 2 nm red shift in the emission spectrum, together with a small decrease in emission intensity, testifying to weaker complexing than with 1-CHU. The role of the 6-methyl substituent was of no consequence in complex formation, since a control experiment demonstrated that 6-methyl-1-octyluracil reacted with 2-AP quantitatively like 1-CHU. With the N7-and N9-alkyl derivatives of 2-AP, 6-methyl-3-octyluracil produced no observable effects either on the absorption or emission spectra, indicating that, if complex formation occurred, it was too feeble to measure by these methods.
Calculation of Association Constants
The observed modifications in absorption and emission of the foregoing systems may be related to the association constants of the two constituents in each case in either the ground or excited states. Under the experimental conditions here employed, autoassociation of 2-AP may be discounted from the observed linear dependence of emission on con centration up to 1 0~4 m , as well as the absence of any observable shift in location of the emission band. From published data obtained by means of infrared spectroscopy at much higher concentra tions1_3,12, autoassociation of 1 0 -4 -1 0~3 m con centrations of 1-CHU, 1-OT and 1-MeB can be shown to be less than 2 -3%, and may therefore be neglected. Finally the foregoing systems fulfil the relationships (1) and (2) (see e.g. Fig. 4) consistent with the formation of 1:1 associates 13,14.
From the temperature dependence of the as sociation constants Kg and K e, application of the van't Hoff equation provided the values for the corresponding enthalpies and entropies of the as Table I . Association constants at 25 °C in chloroform solution, and corresponding parameters for hydrogen-bonded com plex formation between 2-aminopurine derivatives and 1-substituted uracil, thymine and barbital. Table I . The excited state lifetimes of free 2-AP and its complexes with 1-CHU and 1-MeB are shown in Table II . 2-AP : 1-CHU and 2*AP : 1-OT (Table I) , it is clear that the effects observed in the fluorescence spectra reflect the association equilibria in the ground state. In agreement with this conclusion is the ratio of the association constants with 2-AP of 1-CHU and 1-OT (Table I) , ~0.8, a value com parable with that reported for the association of these two uracil derivatives with 9-ethyladenine (0.77) by Kyogoku et al. i , using infrared absorp tion techniques. The somewhat higher association constant for 2-AP : 1-OT, as compared to 2-AP : 1-CHU, is also in agreement with the higher thermal stability of a thymine-containing helical poly nucleotide as compared to one containing uracil residues 15. The association constant for the complex 2-AP: 1-CHU, calculated from the emission data according to Eqn (2), corresponds to the equilibrium constant in the ground state (/CK = 1280 M -1 , 6 = 1380 m -1 , see Table I ) . On the other hand, the association con stant calculated from the Förster cycle is 8700 m -1 . These values indicate that the ground state equili brium for this complex is maintained during the lifetime of the excited state. The fact that the life time of the excited state of the complex is approxi-mately the same, or even shorter, as that for free 2-AP (Table II) also points to the equilibrium being unchanged during the lifetime of the excited state.
For the 2-AP:l-MeB complex the observed emis sion emanates from a state involving perturbation of the ground state equilibrium, as may be seen from a comparison of the parameters a, b and K s (Table I) , and in accord with the increase in life time (to 3.4nsec) of the excited 2-AP:l-MeB com plex as compared to the 1 nsec lifetime for excited 2-AP itself (Table II) . The values of K e for the 2-AP:l-MeB pair, calculated by both methods, i.e. E q n (l) and the Förster cycle, are similar ( Table I) .
The appreciably weaker associations observed with the N7-and N9-alkyl derivatives of 2-AP point to the importance of the additional imidazole hydro gen in the complexing properties of 2-AP itself.
The alkyl derivatives are capable of complexing with 1-CHU via only two hydrogen bonds, as compared to three hydrogen bonds with 2-AP. Similarly N2,N2-dimethylaminopurine is capable of complex ing only via two hydrogen bonds; the more pro nounced effects observed in the emission spectra of complexes of N2,N2-dimethylaminopurine, as com pared to 9-ethyl-2-AP, may be interpreted as due to stronger complexing via and N9, as compared to N2 and Nx or N2 and N3 .
Similar decreases in association prevail for the pairs 9-ethyl-2-AP:l-MeB and 9-ethyl-2,6-diAP: 1-MeB as compared to 2-AP:l-MeB. However, the data obtained for these are only approximate; with the concentrations of 1-MeB used in these instances (10-2 -10-1 m ) , autoassociation would be in ex cess of 10%. Furthermore concentration quenching may be expected; and, in fact, although such con centrations of 1,3-dimethylbarbital (which cannot complex) did not shift the l max for absorption or emision, or modify the extinction coefficient, of the 9-ethyl derivatives, they led to about 15% quenching of emission.
The association constants for complexes involving alkylated derivatives of 2-AP are lower than those for complexes with free 2-AP (Table I) . It should be noted that 9-Et-2-AP may associate with 1-MeB at most by two hydrogen bonds (Scheme 3). By contrast, 9-Et-2,6-diAP may complex with 1-MeB via three hydrogen bonds (Scheme 4), and the as sociation constant in this instance is comparable to the value for the system 9-Et-2,6-diAP: 1-CHU Scheme 3. Base pairing of 2-amino-9-ethylpurine with 1-methylbarbital via two hydrogen bonds.
Scheme 4. Base pairing of 2,6-diamino-9-ethylpurine with 1-methylbarbital via three hydrogen bonds.
( Table I I I 1) , which may also associate via three bonds. Comparison of the values of the association constants of the systems 9-Et-2,6-diAP: 1-MeB and 9-Et-2,6-diAP: 1-CHU with the value for 2-AP:
1-MeB (Table III) also supports the suggestion (see above) that complexes involving the N9 posi tion are stronger than those involving the amino groups. For purine-pyrimidine hydrogen-bonded base pairs, the enthalpy of association in the ground state is in the range of 4 -6 kcal/mol when complexing involves two hydrogen bonds, and about 8 -11
kcal/mol when three hydrogen bonds are formed2. The results obtained in this study for association between 2-AP and 1-CHU (and 1-OT) are therefore consistent with formation of 3 hydrogen bonds, in agreement with the bonding scheme shown in Scheme 1.
It is of interest to compare some of the measured ground state association constants with values ob tained by other observers (Table II I ) . Note that, with the two 9-alkylpurine systems, 1-MeB forms stronger associates than l-cyclohexyl-5,6-dihydrouracil; our qualitative results for the latter (see above) are in accord with this. It will also be seen that, whereas the complexes between 1-MeB and 1-CHU with the two 9-alkylpurine exhibit similar association constants, the binding of 1-CHU with free 2-AP is appreciably stronger than for 1-MeB. Hence the stability of a given complex is dependent on the nature of the hydrogen bonds involved.
Entirely apart from the foregoing, the study of potential complementary base pairing by means of emission spectroscopy is of interest in relation to the behaviour of fluorescent bases following their incorporation into polynucleotide chains or helices. A case in point is 2-AP itself. Poly (2-AP), which is single-stranded, exhibits very low emission, clear ly as a result of quenching via base stacking; this feeble emission is even further reduced when the polymer is complexed with poly (rU) to form a helical complex via base pairing 1G, in accord with the present results on complex formation between 2-AP and 1-CHU. It is true, as mentioned above, that most of the natural bases found in nucleic acids exhibit only very low, or virtually no, emis sion in fluid medium at room temperature. But the growing interest in the synthesis of modified bases with fluorescent properties for use as probes in studies on conformation, interaction with proteins and enzymes, etc., point to the utility of investi gating the hydrogen bonding complexing reactions of such bases by emission spectroscopy at the mono mer level. It is, in fact, surprising that no attempts appear to have been made to utilize either 2-aminopurine riboside or 2,6-diaminopurine riboside as possible fluorescent analogue probes of adenosine in the CCA termini of tRNA's.
We are indebted to Dr. J. T. Kusmierek for syn thesis of several N-methylated derivatives, and to Doc. Dr. Anna Grabowska for useful discussions. This investigation profited from the partial support of the Polish Academy of Sciences (Project 09.3.1), The Welcome Trust, and the World Health Organi zation.
